Current models of parent-offspring communication do not explicitly predict the effect of parental food supply on offspring demand (ESD). However, existing theory is frequently interpreted as predicting a negative ESD, such that offspring beg less when parental supply is high. While empirical evidence largely supports this interpretation, several studies have identified the opposite case, with well-fed offspring begging more than those in poorer condition. Here, we show that signalling theory can give rise to either a negative or a positive ESD depending on the precise form of costs and benefits. Introducing variation among parents in the cost of care, we show that the ESD may change sign depending upon the quantitative relation between two effects: (i) decreased supply leads to increased begging because of an increase in marginal fitness benefit of additional resources to offspring, (ii) decreased supply leads to reduced begging because it is associated with a decrease in parental responsiveness, rendering begging less effective. To illustrate the interplay between these two effects, we show that Godfray's seminal model of begging yields a negative ESD when care is generally cheap, because the impact of supply on the marginal benefits of additional resources then outweighs the associated changes in parental responsiveness to begging. By contrast, the same model predicts a positive ESD when care is generally costly, because the impact of care costs on parental responsiveness then outweighs the change in marginal benefits.
INTRODUCTION
In past decades, the study of parent-offspring communication has exploited game theory to model the evolution of parental and offspring behaviour (e.g. [1, 2] ) in the face of the conflict between them [3] . Godfray's seminal 'honest-signalling' model [2] assumed that offspring in better or worse 'condition' will enjoy smaller or greater fitness gains from receiving resources, respectively, and predicted that begging should consequently be a reliable signal of their condition. Since then, many models have extended the honest-signalling framework to incorporate more offspring and different assumptions about the control of resource delivery and allocation, and have explored its limitations [4] [5] [6] [7] [8] [9] . One of the basic predictions from these models is that parents should respond positively to their offspring's demands, i.e. that there will be a positive effect of demand on supply (EDS). Indeed, many empirical studies corroborate this prediction ( [10 -15] , reviewed in [16] ), and there is recent evidence for the benefits to parents of responding to begging in this way [17, 18] . Here, we examine the complementary effect, namely the effect of parental supply on offspring demand (hereby ESD), which has also received much empirical attention.
Many experiments have shown that feeding offspring causes a reduction in begging levels, while food deprivation causes offspring to increase their begging (reviewed in [13, 14, 16] ). However, some studies, usually considering longer periods of time, have failed to find such a negative ESD, and have even suggested a positive effect such that offspring demand levels increase with parental supply [19 -23] . To explain such counterintuitive results, some authors have suggested explanations outside of the honest-signalling framework. For example, low-ranked nestlings, in poorer condition, may learn that their begging is less effective and therefore reduce their begging level, whereas nestlings receiving a more generous supply learn to increase their efforts [13,21 -24] . By contrast, in an experimental study designed to test this suggestion with house-sparrow nestlings, the data supported a different learning mechanism, one leading to a negative effect of the level of feeding on begging intensity [25] . Rather than learning to reduce their begging levels after high begging levels had proved unsuccessful, these nestlings first required positive experience with low begging levels in order to do so. Since alternative learning mechanisms have been suggested, leading either to a positive or a negative effect of supply on demand, and given the conflicting evidence regarding the effect of supply on demand itself, we were interested in examining what current theory predicts. As is stressed below, existing analyses of parent-offspring communication have provided very few predictions regarding the ESD, and therefore could not be used to predict what the adaptive effect of learning would be in this case.
Classical models of scramble competition assume a negative ESD (e.g. [1, 26, 27] ), but do not allow for evolution of this aspect of behaviour. More recently, the impact of the ESD (as well as the EDS) has been explored in behavioural models studying the proximate process of parent-offspring interaction ( [28 -30] , reviewed in [31] ). However, these effects have once again been included as fixed parameters rather than as evolving strategies [30, 31] . Finally, another type of (parent-offspring conflict) 'resolution models', the 'honest-signalling' models mentioned above, allow for the evolution of both parental and offspring behavioural strategies [2, 4, 7, 8] . The parental strategy specifies supply given demand; but, since parental supply does not affect 'condition' (which influences begging demand), the offspring strategy is 'the effect of condition on demand' rather than 'the effect of supply on demand' (but see [32] ). Exploring how a parent should divide a fixed amount of resources between its two offspring, Godfray [4] predicted that higher fixed amounts lead to lower begging intensities (i.e. a negative ESD). However, it is unclear whether this result continues to hold if parents can also adjust the amount of resources supplied. Thus, we are left with no clear theoretical prediction as to what the ESD should be. Instead, the reasonable (implicit) assumption that supply will positively affect any imaginable aspect of 'condition' has led to an interpretation of the models according to which they predict a negative effect of parental feeding supply on offspring demand, i.e. reduced begging when feeding supply is high [13, 14, 16, 33] .
Our objective here was to determine what the 'honestsignalling' modelling framework predicts regarding the effect of supply on demand, when variation in supply can be attributed to variation in the costs of care to parents. To that end, we compared evolutionarily stable strategy (ESS) levels of supply and demand under different conditions, assuming that differences in supply reflect underlying differences in parental costs of care (i.e. in the extent to which parents' future reproductive prospects are damaged by provisioning current young [34] ). We also assume that offspring are informed about such differences by prenatal cues that reflect parental quality or postnatal environmental cues that reflect local foraging opportunities. We first demonstrate, under general assumptions, that there are two distinct effects of parental costs and consequent provisioning on begging, and then show, using Godfray's seminal model [2] as an illustrative case, that the balance between these contrasting effects can lead to either a positive or a negative ESD, depending on the precise form of costs and benefits.
THE MODEL
Following Godfray's model [2] , we consider one parent rearing a single offspring, with opportunities for future reproduction. The future fitness of the offspring, denoted W o , is assumed to depend on its investment in costly solicitation, x, on the amount of resources its parent provides, y, and on its condition c (which is unknown to the parent). We assume that
ð2:1Þ
where @f =@y . 0; @ 2 f =@y 2 , 0 and @ 2 f =@c@y , 0. Increasing quantities of food thus lead to greater future fitness but yield diminishing returns, and these returns diminish faster for offspring in better condition. Begging, on the other hand, entails an additive cost that is independent of condition.
Parental future fitness, denoted W p , depends on resources invested in the current offspring and on the costs of care, determined by the parameter m, which may vary from one parent to another, but which we assume is known to both parent and offspring. This parameter subsumes the parent's foraging ability, its level of energetic reserves, the quality of its territory, the current state of the environment and any other factor that influences how current provisioning of resources damages parental future reproduction. Consequently, offspring might acquire their information about the costs of care through prenatal cues of parental quality [35] or through postnatal environmental cues such as weather or predator presence that reflect the likely success of parental foraging efforts. We will suppose that
ð2:2Þ
where @g=@y . 0, @ 2 g=@y 2 ! 0, and @ 2 g=@m@y . 0. G thus denotes expected future reproductive success in the absence of provisioning, and g(m,y) the fitness cost incurred through feeding the current offspring; this cost increases with the amount supplied, in a linear or accelerating manner, but does so less rapidly when the cost of care m is low.
Lastly, we assume that offspring are related to future offspring of the parent by coefficient r (for simplicity, we assume that costs incurred by the parent do not impact on the fitness of its mate).
We focus on behaviour at a separating equilibrium, at which the begging intensity of the offspring is a strictly decreasing function of its condition, denoted x*(m,c) (where @x * =@c , 0), and where the quantity of food supplied by the parent is consequently an increasing function of offspring begging, denoted y*(m,x) (where @y * =@x . 0). Both begging and provisioning at such an equilibrium also depend upon the cost of care to the parent m. It is easy to show (appendix A) that the equilibrium level of provisioning by a parent with cost of care m to an offspring in condition c, denoted yðm; cÞ ; y * ðm; x * ðm; cÞÞ, is a decreasing function of m. That is, parents who experience higher costs of care provide less food. The question is, whether offspring of such parents, which receive a smaller supply, beg more or less strongly.
(a) Two distinct effects of parental costs of care on offspring begging At equilibrium, offspring must beg at an optimal level that maximizes their inclusive fitness payoff given the parental response strategy. Formally, The left-hand side of equation (2.3) corresponds to the marginal benefit of begging, which is equal to the marginal benefit of provisioning (to the offspring) multiplied by the marginal change of provisioning in response to begging. The right-hand side of equation (2.3) gives the marginal cost of begging, which is equal to the direct marginal cost incurred by the offspring plus r times the indirect marginal cost incurred by the parent (owing to increased provisioning).
At the same time, the marginal fitness benefits and costs of provisioning for parents must balance one another, so that i.e. the marginal benefit of begging, when multiplied by the factor (1 2 r), must balance the direct marginal cost incurred by the offspring. In turn, this implies (given our assumptions) that x * ðm; cÞ ¼ arg max x ½ð1 À rÞf ðc; y * ðm; xÞÞ À x; ð2:6Þ or, in words, that offspring beg at a level that maximizes their direct fitness payoff, when the benefits of begging are devalued by a factor of (1 2 r) (reflecting the indirect cost of imposing a greater burden of care on the parent). We want to know whether offspring beg more intensely when parents pay a lower cost for care. From equation (2.6), it follows that the impact of a small increase in parental cost of care on begging, @x * ðm; cÞ=@m, is of the same sign as the impact of parental cost of care on the marginal direct benefit of begging (evaluated at the equilibrium level of begging intensity), which is equal to the marginal benefit of provisioning (to the offspring) multiplied by the marginal change in provisioning in response to begging. Now, as stated above (and shown in appendix A), as parental cost of care increases, the parent supplies less food, so that the first term in the bracketed product in equation (2.7), the marginal benefit of provisioning (to the offspring), increases. This tends to give rise to a negative correlation between supply and demandbecause reduced supply by parent who experiences higher costs puts offspring (of all condition levels) in a state in which extra resources are worth more, increasing the marginal benefit of begging. However, this effect alone does not necessarily guarantee a negative correlation between supply and demand, because we must also consider the second term in the bracketed product in equation (2.5), the marginal change in provisioning in response to begging. As we show below, this may decrease with parental cost of care, tending to give rise to a positive correlation between supply and demandwhen parents who experience higher costs are less responsive to a change in offspring demand, the marginal benefit of begging may decrease with the cost of care. Whether the model predicts a negative or a positive correlation overall between supply and demand may thus depend on the quantitative relations between these two effects, as demonstrated below.
(b) An illustrative example In this section, we focus on the particular cost and benefit functions adopted by Godfray [2] , which we modify by introducing variation among parents in the cost of provisioning, That is, we assume that f ðc; yÞ ¼ 1 À e Àcy (a specific functional form that, over appropriately chosen ranges of c and y, satisfies the general conditions stated above: @f =@y . 0; @ 2 f =@y 2 , 0 and @ 2 f =@c@y , 0), and that gðm; yÞ ¼ G À my;
implying that the cost of provisioning is proportional to the level of resources supplied, with the parental cost parameter, m (equivalent to g in Godfray [2] ), specifying the constant of proportionality. This illustrative case serves to show that the opposing effects described above can give rise to both positive or negative correlations between supply and demand, depending on the precise details of the model. Figure 1 shows the ESS levels of parental supply, plotted against the ESS levels of offspring demand, as offspring condition varies, for several different levels of parental cost of care. For low costs of care (upper lines), there is a strong positive relation between parental supply and offspring demand, showing that begging is highly effective in eliciting extra resources under these circumstances. However, parental responsiveness to begging lowers as parental costs of care increase, reaching very low responsiveness for parents who experience high costs (lower lines). This makes begging less effective, and favours reduced begging intensity. Thus, high costs of care favour both reduced supply on the part of the parent and reduced demand on the part of the offspring, leading to a positive ESD.
Parental responsiveness is reduced as costs of care increase, accompanying the general reduction in supply (figure 1), and the question is which of the effects is stronger in each case. When costs of care are generally low, the The effect of supply on offspring demand U. Grodzinski & R. A. Johnstone 111 increase in offspring marginal fitness gain associated with lower supply levels overcomes the decrease in begging effectiveness. Together, this leads to a net negative ESD when parental costs are relatively low, illustrated in the right side of figure 2. By contrast, when parental costs are high enough, parental responsiveness is so low (figure 1, lower lines) that the reduction in begging effectiveness associated with reduced supply now overcomes the increase in marginal gains. This results in a net positive ESD for those conditions (left side of figure 2).
DISCUSSION
Given the paucity of theoretical predictions about the ESD, and the conflicting empirical evidence for both positive and negative effects, we set out to explore what honest-signalling theory predicts. We have shown that increased costs of parental care will, unsurprisingly, cause a decrease in parental supply levels. Moreover, as long as offspring fitness increases with resources at a decelerating rate, this reduction in supply will cause the marginal fitness value of receiving extra resources to increase. This would give rise to a negative ESD, as has been the common interpretation of honest-signalling theory, but it is not the only effect of parental cost of care. Our results show that as the cost of care increases, parents may also become less responsive to offspring begging. In other words, in addition to the overall reduction in supply by parents who experience high costs of care, increased begging may be less effective in eliciting extra resources from such parents. Taken alone, the latter effect would lead to a positive ESD, as offspring receiving low supply should reduce their begging because it has become ineffective. Such an effect is suggested by some authors to come about through learning [13,19,22 -24] , while others have suggested that a positive correlation between begging and provisioning levels on a population scale may arise as a result of parent-offspring genetic co-adaptation [30] .
Confusingly, therefore, we can have two contrasting general influences of the cost of parental care: (i) parental costs of care influence overall supply levels, and hence the marginal value of additional resources to the offspring, leading to a negative ESD and (ii) parental costs of care influence parental responsiveness to begging (or begging effectiveness), possibly leading to a positive ESD. Whether we should expect a negative or positive ESD will ultimately depend on which of these two factors outweighs the other. Indeed, for different ranges of parental costs of care, Godfray's original model [2] yields qualitatively different predictions regarding the ESD: when costs of care are generally low, Godfray's model predicts a negative ESD, as commonly assumed [13, 14, 16, 33] . By contrast, when costs are generally high, the same model predicts a positive ESD. As discussed above, this positive ESD arises because begging becomes less effective as the cost of parental care increases.
Our analysis suggests that data on the sensitivity of parents to begging might help to predict or explain the effect of supply on demand. A recent study shows that banded mongoose pups that are fed by responsive escorts in good condition increase their begging in response to food deprivation more than do pups fed by less responsive escorts in worse condition [36] . These results confirm that costs of care can affect the responsiveness of the carer (in this case not a parent) to begging, and that this in turn can lead offspring to adjust the ESD (in this case probably through learning). Similarly, detailed studies that simultaneously consider all of the components in our model (i.e. costs of care, responsiveness to begging and the ESD) are still scarce, but there are a few more examples of how ecological factors likely to modify the costs of care affect responsiveness of parents to begging. In line with our predictions, crimson rosella fathers seem to be less responsive to begging when the brood is hungrier, which might suggest worse environmental conditions, and food-deprived nestlings do not increase their begging intensity [20] . By contrast, two contrasting studies of red-winged blackbirds suggest that parents may actually be more responsive to begging under worse environmental conditions [37, 38] , which runs counter to the predictions of our model. Figure 1 . ESS levels of parental supply in our exploration of Godfray [2] plotted against ESS levels of offspring demand. Each line shows results for a specific value of the cost of parental care m, across all offspring condition levels (assuming that c is evenly distributed between 4 and 5). As the cost of parental care increases, parental supply levels decrease, but so does parental responsiveness to begging intensity. One possible explanation for the contradictory findings described above is that better environmental conditions may not always be associated with lower costs of care, as illustrated in a recent study [39] . When the propensity of hihi (Notiomystis cincta) parents to breed again was increased by supplementing them with carotenoids, they supplied less food than did control parents to offspring with enhanced begging displays. This is consistent with our model because the costs of caring for the current brood, in terms of loss of future reproduction, are greater when the probability of future reproduction is higher. There is also an important implication for future studies of parent-offspring communication: in order to use the honest-signalling framework to predict how parental condition should affect provisioning, it is advisable to consider also how condition changes the relative importance of current and future reproduction. Parental costs of care and responsiveness are likely to vary for parents at different stages in their lives, or of different sexes [40, 41] ), for parents under different environmental conditions, and for parents from species with different life histories (determining the importance of current offspring relative to future ones, e.g. [42] ).
It is also worth emphasizing that our analysis, like most previous signalling models, treats offspring condition as fixed and independent of parental supply. In such models, parents and offspring engage in a 'one-shot' interaction in which offspring, whose level of condition is drawn from some random distribution, advertise this by means of begging, parents respond by supplying food, and the game then ends (although see [32] for an exception). A more realistic, dynamic model would allow for repeated interactions, with provision of food during one step influencing offspring condition in subsequent steps. However, a dynamic model of this kind would be very complex, and is beyond the scope of the present paper. It seems likely that changes in condition would tend to lead to a more negative ESD, since greater supply will lead to improved condition for offspring, which favours reduced demand. However, no firm prediction is possible in the absence of a full, dynamic analysis.
Offspring may use cues and signals given by parents or siblings [43] to obtain information about parental cost of care and shape their begging levels, and to adjust the ESD accordingly. From the offspring's point of view, it is important whether supply levels drop because of (i) increased costs of parental care or (ii) increased sibling competition, as selection may favour different responses to these two factors. Here, we have focused only on the former (see [44] for a discussion of the latter). Prenatal signals help offspring adjust begging to foreseeable environmental conditions [35, 45] , whereas the level of competition in the nest is known to affect begging directly [12, 46, 47] . In addition, learning has been posited to explain results showing positive ESDs [19, 22, 23] , but existing learning mechanisms may not allow offspring to reduce their begging when supply is low [25, 48, 49] , possibly to prevent them from being outcompeted by siblings. In any case, we show here that both positive and negative ESDs are explicable within the honest-signalling framework. But this does not mean that it will not be beneficial for offspring to learn.
Learning may offer advantages over and above any response to prenatal cues, because it also allows offspring to adjust their response to parental supply in light of postnatal environmental changes. Of course, this presupposes that offspring can detect any such changes. We have made the simplistic assumption that offspring have full information about the costs of parental care, and can adjust their begging behaviour accordingly. In reality, their information is likely to be imperfect. A fuller model of offspring learning would allow for dynamic changes in the cost of care, which offspring cannot always detect directly, but must infer from changes in parental feeding behaviour. Such a model is, however, beyond the scope of the present paper. What we can say, on the basis of our current results, is that since both negative and positive responses to supply levels may be favoured under different conditions, learning of some kind is necessary if offspring are to respond appropriately to changes in parental supply.
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APPENDIX A At a separating equilibrium, begging provides full information about offspring condition, and the marginal costs and benefits of provisioning for parents must balance, just as the marginal costs and benefits of begging must balance for offspring. We therefore have f/@c@y , 0 and @ 2 g/@m@y . 0) that provisioning decreases with both parental cost of care and with offspring condition.
